Abstract Laser induced breakdown spectroscopy (LIBS) is an emerging tool with rapid, nondestructive, green characteristics in qualitative or quantitative analyses of composition in materials. But LIBS has its shortcomings in detect limit and sensitivity. In this work, heavy metal Cu in Gannan Navel Orange, which is one of famous fruits from Jiangxi of China, was analyzed. In view of LIBS's limit, it is difficult to determinate heavy metals in natural fruits. In this work, nine orange samples were pretreated in 50-500 µg/mL Cu solution, respectively. Another one orange sample was chosen as a control group without any pollution treatment. Previous researchers observed that the content of heavy metals is much higher in peel than in pulp. So, the content in pulp can be reflected by detecting peel. The real concentrations of Cu in peels were acquired by atomic absorption spectrophotometer (AAS). A calibration model of Cu I 324.7 and Cu I 327.4 was constructed between LIBS intensity and AAS concentration by six samples. The correlation coefficient of the two models is also 0.95. All of the samples were used to verify the accuracy of the model. The results show that the relative error (RE) between predicted and real concentration is less than 6.5%, and Cu I 324.7 line has smaller RE than Cu I 327.4. The analysis demonstrated that different characteristic lines decided different accuracy. The results prove the feasibility of detecting heavy metals in fruits by LIBS. But the results are limited in treated samples. The next work will focus on direct analysis of heavy metals in natural fruits without any pretreatment. This work is helpful to explore the distribution of heavy metals between pulp and peel.
Introduction
Toxic heavy metals from foodstuffs are not biodegradable and have potential accumulation in different body organs, which can lead to many side effects to human health. It is known that systematic health problems can develop as a result of excessive accumulation of dietary heavy metals such as Cu, Pb, Cd, Cr and As in the human body. In view of this harmful effect, it is very important to detect heavy metals in farm products. Conventional elemental analysis techniques, such as atomic absorption spectrometry (AAS) [1] , inductively coupled plasma-optical emission spectroscopy (ICP-OES) [2] , and inductively coupled plasma-mass spectroscopy (ICP-MS) [3] , have higher sensitivity and accuracy and better detect limit. But the above methods need complex preprocessing of samples and consume plenty of chemical reagents. All of the operations are time-consuming and have environmental impacts. Mostly, the traditional methods rely on chemical analysis in a lab, which cannot meet the requirement of modern agriculture for food safety. It is necessary to develop a rapid, environmentally friendly technology that can distinguish the quality and safety of agricultural products.
Laser induced breakdown spectroscopy (LIBS) [4, 5] exhibits attractive features compared with conventional elemental analysis techniques. The virtues of LIBS, for example, usually none or very simple sample preparation for in situ measurements, standoff operation capacity for remote sensing, multi-elemental detection, rapid measuring speed, together with the capability of analysis with high spatial resolution, make it possible to be utilized in a wide-range of fields, the targets have extended to coal and fly ash [6−8] , drinking water and ocean [9] , soil [10, 11] , biological contaminants [12] , ceramic and polymers [13] , explosives [14] , improvement of experimental setup and algorithm [15−17] etc. Heavy metal analyses of LIBS have been used in commercial spectrometers [18] and have huge prospects.
Considering the advantages of LIBS, the measurement of quality and safety in food has become a focus all over the world. Rosalie A. Multari [19] detected pesticides and dioxins in issue fats and rendering oils using LIBS. Feiyu Ma [20] measured pesticide residues on an apple surface based on LIBS. Rohit Kumar [21] insitu monitored chromium uptake in different parts of a wheat seedling by LIBS. W. Q. Lei [22] measured mineral elements in milk powders with LIBS and ICP-AES. G Yvon [23] classified vegetable oils based on their concentration of saturated fatty acids using LIBS. The above works offered novel ideas in food determination. In view of complex matrix effect in food and limitation of LIBS setup, the sensitivity, stability and detect limit have more room to be improved.
Fruits and vegetables are important components of the human diet. Due to environmental pollution, they can be contaminated by way of growth media (water, soil, air, nutrient solutions). Heavy metals are one kind of the contaminations. The maximum allowable limits for Cu, Pb, Cd and Cr in fruits and vegetables recommended by WHO/FAO are 40 mg/kg, 0.3 mg/kg, 0.2 mg/kg, 2.3 mg/kg dry weight, respectively [24] . Conventional determination of heavy metals in fruits and vegetables is limited to edible pulp, that is, the peel is skinned, and only the flesh is chosen as an analysis sample. The preparation of a sample is time-consuming and the detection is destructive. The researchers discovered that the content in peel is several times higher than in pulp. For Cu, the content of peel is about four times higher than in pulp [25] . Based on the above analysis, if the distribution between peel and pulp is known, then LIBS will be promisingly applied in detecting the content of heavy metals in fruits.
In this work, heavy metal Cu in Gannan Navel Orange was chosen as the target. Gannan Navel Orange is a famous and nutrient fruit from Ganzhou county, Jiangxi province, China. At the same time, Ganzhou has abundant mineral resources, such as copper (Cu) mine, tungsten (W) mine. Plenty of waste ore, including heavy metals, has been discharged into the environment, which will bring pollution to farm products. Gannan Navel Orange is inevitable to be polluted. So, it is indispensable to detect heavy metals residue in Gannan Navel Oranges. In this work, rapid, nondestructive and real time determination of heavy metals in fruits will be demonstrated by LIBS.
Materials and methods

Sample preparation
Ten Gannan Navel Orange fruits were bought from the university's supermarket (Campus fruits, JXAU). Because the fruits have better quality, there is lower Cu residue in natural oranges. To prove the feasibility of quantitatively determining Cu in Gannan Navel Oranges by LIBS, the oranges need to be contaminated before the analysis. First of all, ten standard solutions with Cu concentrations of 0-200 µg/mL were prepared by dissolving measured amounts of copper sulfate pentahydrate (CuSO 4 ·5H 2 O, 99.9% purity, Tianjin Jinbolan Fine Chemical Co., Ltd., China) in deionized water, therein, 0 µg/mL as blank or control group, and stirring ten solutions over a period of several hours to produce a homogeneous solution. The ten orange samples were placed into ten vessels of 1000 mL volume containing the Cu solutions at a temperature of 24 ± 2 o C and humidity of 65%. After 48 hours, the ten oranges treated with contaminant under controlled condition were taken out and rinsed three times in distilled water and dried naturally.
Experiments
LIBS detection
The experimental setup is shown in Fig. 1 . The detailed processing has been described in our previous work [26] . The orange sample was placed in a moving stage with two dimension X-Y movement. The experimental conditions were optimized and the optimum parameters were chosen as follows: the frequency is 2 Hz, the delay time is 1.14 µs, the gate width is 2 ms, the energy is 120 mJ. LIBS intensity was captured by radiating sample surface. For each sample, ten spectra were collected. In order to reduce the error, every spectrum is the average result of ten different laser spots. The Relative Standard Deviation (RSD) of LIBS intensity is below 10%. This result demonstrates that the system had good stability. 
AAS analysis
The orange peel radiated by LIBS was incised into scraps. The wet digestion was done at national standards. Every orange was digested three replicas, and 2 g of wet orange peel were weighed. The digested samples were determined by AAS and the real concentrations of oranges were identified. The fluctuation induced by the measurement point is from 0.07% to 2.89%. The ten Gannan Navel Oranges were numbered from lowest to highest concentrations, i.e., No.1 sample had the lowest concentration of Cu.
Results and discussions
Observation of LIBS intensity and AAS content
At the optimized LIBS experimental parameters, such as 20 mJ laser power, 1.2 µs delay time between laser pulse and spectrometer collection, and 2 ms gate width, the LIBS spectra of orange surface can be seen in Fig. 2 . Information of the characteristic lines is displayed in Table 1 . It is clear that orange has plenty of nutrient elements Ca and Fe and organic molecule CN. The Cu line is very sharp in the Cu polluted sample. The blank sample has no Cu characteristic line detected. From Table 1 , the larger the intensity or the transmission probability (A ki ), the easier the motivation of the plasma. It is similar to the ratio g u /g l . On the contrary, the smaller the value of upper energy (E u ), the easier the motivation of the plasma. Cu I 324.754 and Cu I 327.396 have similar excitation parameters. So, the Cu characteristic lines belong to double-let spectrum in the 305-400 nm wavelength range. The average AAS concentration and LIBS intensity are labeled in Table 2 . It can be seen that the dipped oranges in Cu pollutants had higher content than the blank sample. The higher the AAS content, the higher the LIBS intensity; and Cu I 324.754 line has higher LIBS intensity than Cu I 327.396. 
Calibration model
If the relationship between AAS content and LIBS intensity is decided, one can determine the unknown concentration of particular element at any LIBS signal intensity provided the condition is similar.
In this section, six samples were extracted to construct the calibration model. The calibration curve for double-let Cu I 324.754 and Cu I 327.396 under investigation was established by plotting in Fig. 3 the LIBS signal intensity as a function of the AAS concentration. The determination coefficient R 2 indicates the accuracy Fig.3 Linear calibration model between AAS content and LIBS intensity Table 1 . LIBS relative intensity, transition probability A ki , energy E and statistical weight g of the upper (index u) and lower (index l) excitation levels for the selected spectral lines To verify the accuracy of the model, all of the samples were used to obtain the predicted concentration. The result was displayed in Table 3 . Relative error (RE) between real content and predicted one can be seen from the figure. RE are less than 6.5% in all of the samples, and the average relative error (ARE) of Cu I 324.754 is 2.43%, while the ARE of Cu I 327.396 is 3.43%, it showed that Cu I 324.754 had lower ARE. This is consistent with the above analysis, that is, Cu I 324.754 had higher predicted accuracy.
Many factors may lead to this phenomenon. From Table 1 , the intensities of Cu I 324.754 and Cu I 327.396 were the same. For Cu I 324.754, the A ki is larger, and the ratio g u /g l is twice that of Cu I 327.396, while the E u are similar. Hence, Cu I 324.754 is easier to motivate than Cu I 327.396, and also the former had higher sensitivity and better predicted accuracy, and a lower ARE.
Conclusions
In this work, the AAS content and LIBS intensity of an orange's surface were detected. The blank or natural sample had 14.73 µg/g Cu. The tolerance limit of copper is 10 µg/g in fruits from national standard (GB15199-94). But the standard is limited to edible pulp. According to the previous research, if the content in peel is four times higher than in pulp, then the fruits are safe.
A quantitative model was constructed by use of six treated samples, and the content of all of the polluted samples were predicted by referring to the calibration curve. The results demonstrate that the accuracy was better and the relative error was less than 6.5%. But the samples were polluted in lab. In the next stage, the teamwork will be devoted to improving the detection ability of LIBS in natural agricultural products without any pretreatment. All in all, it is promising to monitor heavy metals in fruits by LIBS.
